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ABSTRACT 
The design of an automatic landing system (ALS) is a challenging task. It is both a robust 
and a tracking control problem. In this thesis, a method combining Hoo robust control and 
stable inversion is employed to develop controllers for an automatic landing system. We 
adopt the linearized longitudinal model of a Boeing 747 commercial airplane to verify this 
method. The control actuators, wind gust, and wind shear models are also established to 
simulate the landing process. 
Hoo control is a robust control method. It can optimize the system performance and provide 
robust stability against uncertainties in the plant. The stable inversion is a precision tracking 
approach. We combine these two methods together to satisfy both robust and exact tracking 
requirements for the automatic landing system. Based on the stable inversion technique, the 
desired altitude and airspeed trajectories are also designed. 
The numerical simulation results show that the automatic landing system can meet FAA 
(Federal A viati~n Administration) requirements for Category III precision approach landing. 
I 
As expected, the integrated system can achieve accurate tracking, in the presence of 
measurement ntjise, wind gust, and wind shear with low intensity. Compared with existing 
approaches in automatic landing systems, the method used in this thesis can achieve higher 
precision. Finally, this method is particularly well suited for automatic landing systems using 
Global Positioning System. 
1 
1. INTRODUCTION 
1.1 Background 
Today, most aircraft have adopted flight control systems (FCS) to achieve good 
performance. The automatic landing system is one important function of modern flight 
control systems. Most conventional aircraft automatic landing systems use the instrument 
landing system (ILS) or microwave landing system (MLS) in the terminal approach phase. In 
light of the development of the Future Air Navigation System (FANS), the future automatic 
landing system will be based on the Global Positioning System (GPS) [l]. The Local Area 
Augmentation System (LAAS) is the Federal Aviation Administration's ground-based 
augmentation system (OBAS) for local area differential GPS (DGPS). It will support all 
categories of precision approach. Compared with ILS and MLS, the automatic landing 
system based on GPS is cheaper and more accurate. It could provide the three-dimensional 
velocity and position. 
The kernel of the automatic landing system is the design of an automatic landing control 
law. As it is known, the most important performance requirements for passenger aircraft are 
safety and comfort. There are three phases in one flight: takeoff, cruise, and landing, with the 
landing phase the most challenging. During landing, the aircraft flies at a considerably low 
altitude, and hence accidents are more likely to happen. Many uncertain factors, such as wind 
gust, wind shear, also become critical because of low altitude and low speed. Measurement 
noise in the feedback signal is also stronger at ground level. Naturally, robustness to these 
uncertainties is a main challenge in the design of the automatic landing systems. On the other 
hand, during the landing, aircraft must track a desired trajectory satisfying FAA requirements 
2 
Figure 1.1. Local Area Augmentation System 
until it arrives to the touchdown point in the runway. Therefore, the automatic landing 
control is inherently a tracking control problem. 
There are many methods to design the automatic landing control law [2,3,4,5,6]. Shue and 
Agarwal [2] have developed a mixed H2/IL control technique for the design of an automatic 
landing system. Ochi and Kanai [4] adopted IL control to design automatic approach and 
landing for propulsion controlled aircraft. But they did not treat the robustness of controller 
in the presence of wind shear, neither did they achieve accurate tracking performance. The 
neural network also was applied in the design of automatic landing system by Miller [5] and 
Saini [6]. However, the neural network approach is only effective within the special training 
set. A common weakness of these approaches is that they do not control the aircraft to track 
the desired flight path accurate. The purpose of this research is to design the automatic 
3 
landing system control law by combining robust fL control and stable inversion [7] to 
achieve both robustness and accurate tracking. 
1.2 Landing Procedure 
The typical landing procedure is shown in Figure 1.2. There are three phases in this 
process: initial approach, glide slope, and flare. [8] 
Touchdown 
Constant 
Descent 
Velocity 
Molle 
F Flare Phase -----t'4+------ Glide-Slope Phase 
Glide Slope 
Capture 
·l~ppr~ 
20-40km 
Figure 1.2. Typical longitudinal approach path 
a) Initial Approach 
During this phase, the aircraft descends from cruising altitude to a lower altitude around 
1500 feet. Then the aircraft should enter altitude hold mode. It means that the aircraft keeps 
at a constant altitude and constant speed. 
b) Glide Slope 
The aircraft enters a constant-descent or glide-slope mode, when the approach path 
intersects the desired glide path. During this phase, the aircraft should keep the flight path 
angle at -2.5 to -3 degrees, and maintain a constant speed. So, the sink rate of the aircraft is 
4 
U0siny, where Uo is aircraft velocity, and y is the flight path angle. The transition maneuvers 
are designed to be safe and comfortable to passengers with accelerations not exceeding 
0.15g. 
c) Flare 
When the altitude of aircraft is equal to hFLARE, it enters the flare phase. The autopilot flies 
an asymptotic approach toward a final altitude hp. At the touchdown point, the rate of descent 
must be reduced to less than about 2.0 feet/sec. During the glide slope phase, the transition 
maneuvers also need to satisfy the safe and comfortable requirement. 
1.3 Requirements for Landing 
Using the automatic landing system, the aircraft must be controlled so that it keeps within 
a reference cone that guarantees the position and velocity accuracy required at touchdown. 
Table 1 shows FAA landing requirements. [9] 
GPS can provide a continuum of accuracy and has led to the development of new types of 
specifications called the tunnel concept. Figure 1.3 is the definition of inner and outer 
surfaces of the RNP tunnel [10]. 
Table 1.1 FAA navigation system accuracy standards 
Accuracy 
Minimum Lateral, 2 Vertical, 
Operational phase Altitude Orms Rms 
En route terminal 152m 7400m 500m 
Approach landing 
Non-precision 76.2m 3700m 100m 
Precision Category I 30.Sm 9.1 m 3.0m 
Precision Category II 15.2m 4.6m 1.4m 
Precision Category III Om 4.1 m 0.5m 
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The tunnels are centered around a 3 deg glide path that intercepts the runway surface about 
1000 ft from threshold. The dimensions of both tunnels become smaller in the vertical and 
lateral directions as the intercept point is approached. The inner tunnel defines a region with 
which the aircraft's center of gravity (CG) must be contained at least 95 percent of the time. 
The outer tunnel defines a containment surface beyond which no part of the aircraft ts 
allowed to extend with a probability greater than 10-7• 
OUTER TUNNEL 10·71NCIOENT PROBABILITY 
TOTAL SYSTEM GLIOESLOPE • 3.0 DEGREES HALFWIDTHS IN FEET 
ACCURACY HEIGHT GPIP 50 100 200 250 300 400 500 750 1000 1250 1500 
LATERAL 200 245 325 426 448 470 564 &58 89-4 1129 1365 1600 
VERTICAL O NA 65 110 123 136 165 196 272 348 424 500 
INNER TUNNEL 95,-. 
GUDESLOPE • 3.0 DEGREES HALFWIDTHS IN FEET 
HEIGHT GPIP 60 100 200 250 300 400 500 750 1000 1250 1500 
LATERAL 27 51 75 110 118 125 158 192 275 358 525 
VERTICAL O NA 15 32 38 40 51 62 89 i!ij U3 170 
ONLY ONE TUNNEL NECESSARY TO 
DEFINE PRECISION APPROACH 
AND LANDING TUNNEL 
CONTINUITY 
CATI CATU CATHI CATIII 
MINIMUM TIME FAF TO 200' HAT FAF TO 100' MIN 100' TOTO AFTER TO 
ISO SEC 165SEC 30SEC 30SEC 
REDUNDANT REDUNDANT REOUNOANT 
MTBO (HRS) HRS AIRBORNEEOM AIRBORNE EOM AIRBORNE ECM 
GROUND 1000 HRS GROUND HRS GROUND HRS LOSS OF 
INTEGl-llTY 
OF FUNCTION 
LOSS Of 10-4 4.4x 10·5 2x 10·11 1.7 X 10·7 CONTINUITY Of 
FUNCTION PER APPROACH 
INTEGRITY 
CATI CATII 
FAF TO 200' MIN FAF TO I 00' MIN 
1.3x 10·7 3.3 Jt 10-ll 
Figure 1.3. Definition of inner and outer surfaces of the RNP tunnel 
1.4 Organization of the Thesis 
CATIII 
lOO'TOTO 
TO ROI.LOUT 
3.3x 10·9 
Chapter 1 of this thesis gives an overview of the automatic landing problem. In this 
chapter, the landing process and general requirements are also introduced. The aircraft model 
is presented in chapter 2. It also describes the model actuators, wind gust, wind shear, and 
measurement noise. In chapter 3, the IL optimal control design is described. The stable 
6 
inversion design is introduced in chapter 4. Meanwhile, the desired trajectory is also 
designed in this chapter. In chapter 5, the results of the simulations are presented. The 
advantages of the new scheme are pointed out. Finally in chapter 6, the summary and 
conclusion of this work are given, and the future research is also suggested. 
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2. AIRCRAFT MODEL 
2.1 Nonlinear Aircraft Dynamics 
In general, the standard six degrees of freedom (6DOF) equations of motion used for 
conventional aircraft control design and flight simulation can be obtained by the assumptions 
of the flat-Earth and rigid-body aircraft with longitude symmetric plane. The elements of the 
state vector include the components of the velocity vector { U, V, W}, the vector of Euler 
angles { </), 0, lfl}, the angular rate vector { P, Q, R}, and the position vector {p N, p E, h}. We 
can see that the aircraft dynamics is a nonlinear, continuous, time-variant system. The 
following are the equations [11]. 
Force equations: 
. Q . 0 Fx U=RV- W-gsm +-
m 
. F 
V =-RU+ PW+ g sin <j)cos0 +-Y 
m 
. F 
W = QU-PV + gcos<j)cos0+-z 
m 
Kinematic equations: 
</J = P + tan0(Qsin </J + Rcos(jJ) 
0 = Q cos </J - R sin (jJ 
. Qsin (jJ + Reos</) 
ljl=------
cos0 
Moment equations: 
(2.1) 
(2.2) 
8 
Navigation equations: 
!
PN = U cos0cosljf + V(-cosqhin lJf + sin ¢sin 0coslj/) + W(sin ¢sin lJf + cos¢sin 0coslj/) 
~E = U cos0sin lJf + V(cos¢cosljf + sin ¢sin 0sin lf/) + W(-sin ¢coslj/ + cos¢sin 0sin lf/) (2.4) 
h = U sin 0-V sin ¢cos0-W cos¢cos0 
where Fx, Fy, Fz are the aerodynamic force (including propulsive force) in the x, y, z, body 
axis; m is airplane mass; g is acceleration of gravity; lx, ly, lz are the moments of inertia 
about the x, y, and z axis; lxz is the product of inertia about the x and z plane. 
In this thesis, only the longitudinal motion was considered. We can set all of lateral 
parameters equal to zero, then we obtain the longitudinal equations as follow 
. F 
U = -QW- gsin0+-x 
m 
. F 
W=QU+gcos0+-2 
m 
0=Q 
Q=-l M 
Jy 
h = U sin 0 - W cos0 
2.2 Linearization of Aircraft Model 
The nonlinear aircraft model can be rewritten in the following form: 
x = f(x,u) 
(2.5) 
(2.6) 
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Using the small perturbation assumption from the steady-state condition Xe, Ue, we can 
derive a set of linear constant-coefficient state equations. Usually, we call this steady-state 
the equilibrium point. In this study, the model was trimmed for the Boeing 747 airplane in 
landing configuration at a weight of 564,000lb with V=221 ft/sec. 
The nonlinear state equation (2.5) was expanded in a Taylor series about the equilibrium 
point (Xe, Ue), and kept only the first-order terms. Then, the following linearized equations 
could be obtained: 
aJ1 aJ1 aJ1 aJ1 aJ1 aJ1 
()_xl dX1 dX2 axn ()x1 du1 au2 aum ()u1 
8.x2 df2 df2 aJ2 8x2 df2 df2 aJ2 8u2 = dx1 dx2 axn + du1 dU2 dUm (2.7) 
8.xn aJn aJn dfn 8xn dfn aJn aJn 8um 
dX1 dX2 axn dU1 dU2 dUm 
We can rewrite it in a compact form 
8.x=A8x+B8u (2.8) 
where A = df/dx and B = df/du; 8x = x-xe and 8u = u-ue. 
Usually, we can neglect the symbol of 8 if it cannot induce conflict. 
2.3 Longitudinal Linear Model of Airplane 
Figure 2.1 shows a three-view for a Boeing 747 airplane. This airplane is representative of 
large wide-body jet-transport airplanes. We select the trimmed point in landing configuration 
at a weight of 564,000lb with V=221 ft/sec. [12] 
- -0 
MGC 
.25c 
F.S.1339.9 
B.L.491 -~--F~~+-
501 
F.S.307:9 F.S.1339.9 
2.5° 
Figure 2.1. Three-view of Boeing 747 airplane 
11 
Using the method in the last section, the aircraft is modeled in small perturbations around a 
stable equilibrium point. The particular steady-state equilibrium point is the landing 
configuration at sea level for a Boeing 7 4 7. A linear state-space model describing the aircraft 
longitudinal dynamics is given by [13]: 
8it Xu xw -u0 sin00 - gcos00 0 8u X& T8r COSE 
8w zu zw u0 cos00 - g sin 00 0 8w Zi5e -T& sin E l 0(0,) l (2.9) q = Mu MW Mq 0 0 q + M & 0 
80 0 0 1 0 0 80 0 0 
8(8!) 
h 0 -1 0 Uo 0 h 0 0 
where 8(•) is deviation of(•) from the steady equilibrium value, Xe•)= (Xe•) +Tc•))/m, 
MC•) = (MC•) + M 111 Zc•)) / J Y, Z(•), T <•) are the stability derivatives that are estimated from 
wind tunnel tests, aerodynamic and propulsion theory, and flight tests. u0 and 0o are steady 
values of u and0. 
Two additional variables that are commonly used are the air speed of aircraft V, and angle 
of attack (AOA) a. They are related to the state variables by the following: 
V = ..Ju 2 + w 2 (2.10) 
a = tan -i ( w I u) (2.11) 
For w2 << u2 , the relations are well approximated as: 
(2.12) 
a:::w!u (2.13) 
12 
Also, the pitch angle ( 0), angle of attack ( a), and flight path angle (y) have the following 
relation 
0=a+y (2.14) 
In the presence of wind disturbances, the velocity perturbations ( &t, &,) in the 
aerodynamic force and moment terms on the right-hand side of equation (2.9) should be 
replaced by perturbations in speed (OU-Wu, 8w-Ww) where (Wu, Ww) are wind-velocity 
components in body axes. Dropping the symbol 8 for simplicity, equation (2.9) can be 
rewritten as follows: 
u Xu xw -u0 sin00 - gcos00 0 u Xoe 
w zu zw u0 cos00 - gsin00 0 w Zoe 
CJ = Mu MW Mq 0 0 q + Moe 
() 0 0 1 0 0 0 0 
h 0 -1 0 Uo 0 h 0 
It can be represented with following compact form: 
The state vector and input vector are: 
x = [u, w,q,0,h]' 
U = [8e,8J 
Uw = [Wu,Ww]' 
T8[ COS£ -x u -x w 
-T8fsin£ 
[d,]+ 
-z -z 
[~] u w 0 -M -M u w 
0 0 0 
0 0 0 
(2.15) 
(2.16) 
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where, u = longitudinal ground speed, w = vertical ground speed, q = pitch rate, 0 = pitch 
attitude angle, h = altitude, ~=elevator deflection, b; = commanded thrust force, Wu= x-axis 
wind velocity, and Ww = z-axis wind velocity. 
Using aerodynamic derivatives, the A, B, Bw matrices can be obtained with numerical 
values (in units of feet, seconds, and centiradians) as follows [13]: 
-0.0210 0.1220 0.0000 -0.3220 0.0000 
-0.2090 -0.5300 2.2100 0.0000 0.0000 
A= 0.0170 -0.1640 - 0.4120 0.0000 0.0000 
0.0000 0.0000 1.0000 0.0000 0.0000 
0.0000 -1.0000 0.0000 2.2100 0.0000 
0.0100 1.0000 0.0210 -0.1220 
-0.0640 -0.0440 0.2090 0.5300 
B= -0.3780 0.5440 B = w -0.0170 0.1640 
0.0000 0.0000 0.0000 0.0000 
0.0000 0.0000 0.0000 0.0000 
The eigenvalues of system at this trim condition are: 
/41 2 = -0.4804 ± j0.6083 
/43,4 = -0.0011± j0.1523 
/4 - 0 5 -
where A-1,2 represent the short-period mode, /43,4 the phugoid (long-period) mode, and As the 
altitude mode. Table 2.1 shows the open-loop system damping ratio and frequency. 
Now, using this Boeing 747 airplane model, we can obtain the step time responses. Select 
altitude h, longitudinal ground speed u, vertical ground speed w, pitch rate q, pitch attitude 
angle 0, angle of attack a, and flight path angle y as the output variables. 
where, 
Mode 
short-period 
phugoid 
14 
Table 2.1 Open-loop system characteristics 
Eigenvalue 
-0.4804± j0.6083 
-0.001 l±j0.1523 
y=Cx 
Damping s 
0.62 
0.00711 
y = [h,u, w,q,0,a,y] 
0 0 0 0 1 
1 0 0 0 0 
0 1 0 0 0 
C= 0 0 1 0 0 
0 0 0 1 0 
0 1/2.21 0 0 0 
0 -1/2.21 0 1 0 
Freq. (rad/s) Wn 
0.775 
0.152 
(2.17) 
Figure 2.2 to Figure 2.5 show the time responses of the linear model to control inputs and 
wind disturbances. The input for each simulation is given in the first subfigure. All other 
inputs or deflections w.r.t trim values are zero. All simulations start from the same trim 
conditions. 
15 
0 1150 
1100 
0) 
€1050 · -0.5 ···························· .... . .... ..... . .. ... ... .. .. . 
Q) .c 
e,o 
1000 
-1 950 
0 50 100 0 50 100 
225 
time(s) 
4 
time(s) 
220 3 --(J) ~215 ¢: 2 . ---::::, 
210 1 
205 0 
0 50 100 0 50 100 
0.5 
time(s) 
12 
time(s) 
-. 10 ... 
0) 
0) 0 (l) (]) 'U 'U ---cr <D 8 
-0.5 6 
0 50 100 0 50 100 
9.5 
time(s) 
4 
time(s) 
-- 9 -- 2 0) 0) 
(]) (l) 
'U 'U 
'8" 8.5 ~o 
-2 
50 100 0 50 100 
time(s) time(s) 
Figure 2.2. Airplane response to elevator step 
16 
1 2500 
C) 2000 
~0.5 ··················•········ . . .. ........ . . §: .c 
e,o- 1500 
0 1000 
0 50 100 0 50 100 
230 
time(s) 
10 
time(s) 
220 
U) ........ -!!!. s210 .. .. .. .... ¢: 5 
::, 
200 
190 
0 50 100 50 100 
1 
time(s) 
20 
time(s) 
0.5 ........ ........ 15 -!!!. 0) 0) 0 (1) (l) 
"tJ cr <D 10 
-0.5 
-1 5 
0 50 100 0 50 100 
10 
time(s) 
10 
time(s) 
C) C) 
5 
(l) 9 (l) "tJ "tJ .._, 
d 0 8.5 
-5 
50 100 0 50 100 
time(s) time(s) 
Figure 2.3. Airplane response to throttle step 
17 
1 1000 
-- 995 · .!!!. € ~0.5 
::I .c 
5 990 ..... . . 
985 
50 100 0 50 100 
223 
time(s) 
0.3 
time(s) 
222.5 0.2 --.!!!. 222 · 0.1 ¢::: 
::, 
221.5 ......... .. ....... 0 
221 -0.1 
0 50 100 0 50 100 
0.05 
time(s) 
8.4 
time(s) 
8.2 . ....... ... 
0) 
C) 0 . ............... Q) 8 Q) 
"'C cr (X, 
7.8 
-0.05 7.6 
0 50 100 0 50 100 
8.1 
time(s) 
0.4 
time(s) 
0.2 .. .. .. .. ... .. .. ...... -..8.05 
0) C) 
Q) Q) 
"'C "'C '-a' 8 
-0.2 
7.95 -0.4 
0 50 100 0 50 100 
time(s) time(s) 
Figure 2.4. Airplane response to longitudinal wind step 
18 
1 1000 
........ 
g ~0.5 950 .......... .. .. . .. .. . .. ... .c 
$ 
900 
50 100 0 50 100 
222 
time(s) 
1.5 
time(s) 
: 
221.5 . . . . . . . . . . . . . . 
1 .... ... .. ........ 
221 ti= ti= - 0.5 :::J 
220.5 ····•··•··········· 
220 0 
0 50 100 0 50 100 
0.15 
time(s) 
8.4 
time(s) 
0.1 
........ 8.2 ........ 
Cl g> 0.05 (l) 
"C rr <D 8 0 
-0.05 7.8 
0 50 100 0 50 100 
8.6 
time(s) 
0 
time(s) 
........ 8.4 -0.2 
Cl C) 
(l) ~-0.4 . "C -tl 8.2 
-0.6 
-0.8 
50 100 0 50 100 
time(s) time(s) 
Figure 2.5. Airplane response to vertical wind step 
19 
2.4 Elevator Actuator and Throttle Control Model 
Usually, elevator and throttle can be represented using a first-order lag process. In this 
case, 0.1-s and 4-s time constants are selected for the elevator actuator and the throttle 
control model respectively. 
(2.18) 
Jt = 0.25 
Jtc S + 0.25 
(2.19) 
2.5 Wind Disturbance Model 
Turbulence is a stochastic process that can be defined by velocity spectra. In general, we 
can use zero mean white noise feeding through a shaping filter to simulate it (Figure 2.6). 
Usually, the shaping filter is chosen as a first-order dynamics for forward and vertical speed 
directions in this case [13]. Table 2.2 presents the correlation times used for each wind gust 
component [8]. In general, the value of T depends on parameters of the airplane. It is different 
in different body axis, and at different trim point. 
._ ___ w _ .. 
_ s + 1/-r 
Figure 2.6. Block diagram of wind turbulence generator 
20 
Table 2.2 Wind gust disturbance correlation times 
Disturbance 
Longitudinal wind 
Vertical wind 
0.43 
1.06 
2.6 Wind Shear Model 
The wind shear model is a two dimensional model. Along the trajectory, the airplane will 
be faced with a headwind going up to about Wx = -12 ft/s, then wind speed will change to a 
tailwind of about Wx =12 ft/s, combined with a down draught of about Wh = 12 ft/s. The 
result of this will be a drastic decrease in aircraft energy. The aircraft will not be able to stay 
on the desired trajectory. 
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Figure 2. 7. Wind shear model 
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This wind shear model is shown in figure 2. 7. The longitudinal and vertical speed of the 
wind shear is given by [14] 
(2.20) 
(2.21) 
where To is the total flight time through the wind shear. We choose 
T0 = 60(s), Wxo = l2(ft Is), Who = 6(ft Is) 
2. 7 Sensor and Measurement Noise Model 
Models are not provided for the characteristics of the sensors: they are all assumed to be 
unity gain with additive noise. The measurement noises were simulated by zero-mean white 
noise with the corresponding standard deviation value. The rms measurement noise errors are 
presented in Table 2.3. 
Signal 
h (ft) 
ii (ft/sec) 
u (ft/sec) 
u (ft/sec2) 
0(crad) 
q ( crad/sec) 
Table 2.3 Measurement noise errors 
rms, cr 
0.0016 
0.0656 
0.0008 
0.0656 
0.0436 
0.0873 
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3.,_ Hoo CONTROL DESIGN 
3.1 H00 Optimal Control 
IL control is a robust control method that optimizes the system performance and achieves 
the robust stability for an uncertain plant. Figure 3.1 is the general control configuration. P(s) 
is the generalized plant including weighting matrices. Usually, the state-space realization of 
the plant P(s) is given by [15]: 
z w 
....ill _.... 
...... ...... 
P(s) u y ....ill 
""Ill 
.... K(s) Ill"'" 
Figure 3.1. General control configuration 
The system of Figure 3 .1 can be described by: 
u = K(s)y 
(3.1) 
(3.2) 
(3.3) 
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where, u is the control variables, y is the measured variables, w is the exogenous signals such 
as disturbances and commands, and z is the so-called "error" signals which are to be 
minimized in some sense to meet the control objectives. 
The closed-loop transfer function from w to z is given by the linear fractional 
transformation: 
z = F'z(P,K)w (3.4) 
where 
(3.5) 
The standard Rx, optimal control is to find all stabilizing controllers K which minimize 
(3.6) 
In practice, we do not need to obtain an optimal controller, and substitute a sub-optimal Rx, 
control problem for it. The Rx, sub-optimal control problem is: given a y > Ymin, find all 
stabilizing controllers K such that 
IIF'z (P, K)t < r 
The state-space representation for Rx, control is defined as: 
The Rx, filtering system is given by: 
x = Ax+ B2u + B1w 
z=C1x+D12u+D11 w 
y = C2 x+ D 22 u + D21 w 
Then, we can know that the Rx, control and filter gains Kx, and L"' are: 
(3.7) 
(3.8) 
(3.9) 
(3.10) 
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(3.11) 
where P = and Q= are the solutions of the two algebraic Riccati equations: 
(3.12) 
(3.13) 
Note that the solutions of the two preceding Riccati equations are positive definite and 
symmetric and have to satisfy the following constraint to ensure robustness of the system: 
(3.14) 
If we desire a controller that achieves Ymin, to within a specified tolerance, then we can 
perform bisection on y until its value is sufficiently accurate. The above result provides a test 
for each value of y to determine whether it is less than Ymin or greater than Ymin• 
The principle design and analysis tools used for this design include the IL synthesis 
functions of MATLAB µ-Synthesis toolbox. These tools use a state-space representation of 
the linearized plant to determine an optimal or suboptimal IL controller. 
3.2 U,o Controller Design 
3.2.1 Hoocontroller architecture 
In our case, h and u are the variables we must control to follow the desired trajectory. And 
we select y, the feedback signals, as follows [16]: 
y = [h,h,u,u,0,q] 
Then, the C matrix is as follows: 
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0.0000 0.0000 0.0000 0.0000 1.0000 
0.0000 -1.0000 0.0000 2.2100 0.0000 
1.0000 0.0000 0.0000 0.0000 0.0000 
C= 
-0.0210 0.1220 0.0000 -0.3220 0.0000 
0.0000 0.0000 0.0000 1.0000 0.0000 
0.0000 0.0000 1.0000 0.0000 0.0000 
The basic architecture of the longitudinal controller is shown in Figure 3.2. This system 
uses the elevator deflection (Se) and the throttle position (St) to control longitudinal aircraft 
dynamics. The input to the controller K, consists of attitude angle 0, pitch rate q (providing 
for inner-loop bandwidth and short period damping respectively), and errors in airspeed and 
altitude and the rates thereof. The main performance objective we address here is decoupled 
tracking of speed and altitude references (r = [href; Uref ]T ). 
href 
Uref 
h 
Se, St A/C u 
K Actuator 
Engine • • h,u,0,q 
Figure 3.2. Controller architecture 
3.2.2 Controller design procedure 
According to the design specifications, our design must satisfy the performance, safety, 
actuator effort, and comfort requirements. In the conventional design procedure, the design 
objective is achieved through adjusting the controller gains. In the IL control design 
procedure, the most important task is to select the weights based on the specifications. 
Wwu 
s+-1/0.43 
Www 
1 
Plant Block Diagram s+-1/1 .06 
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dedot -----------' 
de---------------' 
dtdot -------------' 
di-------------' 
Figure 3.3. General plant and weights diagram 
Figure 3.3 shows the general plant and weights. In order to normalize the reference inputs, 
we should scale the altitude and speed commands. So, we select hmm: and Umax as the weight 
Win• Measurements will always be corrupted with some noise. Therms measurement errors 
are selected as the measurement noise weights Wn , Meanwhile, we use the wind gust model 
as the weights of wind channels (Ww), Up to frequencies beyond the bandwidth of the ideal 
model filters, the differences between the altitude and speed responses and href and Uref 
respectively should be small. This requirement is reflected by the weight Wp, Note that 
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weighting contains approximate double integration. We know that the controller at lower 
frequencies will have approximately the same shape. This enables the controlled system to 
track ramp commands with a very small steady state error. Weighting Wpq is applied in order 
to keep control over the pitch rate. Good tracking of the feed forward filter outputs should 
not be at the cost of extreme pitch rates. Weighting Wact is applied to constrain the controls 
and control rates. We use the values of the maximum deflections and rates. In Figure 3.3, K 
is used to scale the gain from w to z, then we can get a small y value. 
Based on above weights, we can obtain the controller using IL design functions in the 
MATLAB µ-Synthesis toolbox. The achieved y value is 0.4662. The order of the controller is 
15. Eigenvalues of the closed loop system are negative, so it is stable. 
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Singular Values 
01------------
-50 -· 
-100 -
-150 
-200 
-250 -· 
1ff2 100 
Frequency (rad/sec) 
Figure 3.5. Singular values of closed loop system 
Figure 3.4 and 3.5 are the frequency response and singular values of the closed loop 
system Both altitude and speed loops achieved the same bandwidth. The diagonal plots in 
figure 3 .4 reflect the achieved altitude and speed command response. It also shows that the 
two loops are decoupled. From these frequency plots, we can see the design requirements are 
met. 
Figure 3.6 to 3.8 are the time responses of the closed loop system From them, we can see 
how the frequency domain criteria translate into time domain closed loop behavior. 
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4. STABLE INVERSION DESIGN 
4.1 Stable Inversion Technique 
In this section, we describe the stable inversion theory. The stable inversion theory is a 
kind of precision tracking approach. We consider the multivariable nonlinear system 
x = f (x) + g(x)u 
y = h(x) (4.1) 
where state xE Rn, output yE RP, and input uE RP. Assume that f(O)=O and h(O)=O. For such a 
system, Chen has stated the stable inversion problem as follow [17]: 
Stable Inversion Problem: Given a smooth reference output trajectory yd(t) with compact 
support, find a control input ud(t) and a state trajectory xd(t) such that 
1) ud( t) and xd( t) satisfy the differential equation 
2) exact output tracking is achieved 
3) ud(t) and xd(t) are bounded and 
In this case, we only consider a linear system described by [7] 
x(t) = Ax(t) + Bu(t) 
y(t) = Cx(t) 
z(t) = Cmx(t) 
(4.2) 
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where z(t) is the measurement output. If we set yd(t) as the desired output trajectory to be 
tracked, the nominal input and state trajectory [ud(t), xd(t)] should be found to satisfy the 
equation (4.2), i.e., 
xd (t) = Axd (t) + Bud (t)) 
Yd (t) = Cxd (t) Vt E (-oo, oo) 
zd (t) = Cmxd (t) 
(4.3) 
Then, we can use the feedback controller to stabilize the exact output yielding trajectory Zd-
Thus we can obtain output tracking. Figure 4.1 is the control scheme. 
F eedf orward Ud 
System 
y 
+ z 
Desired Trajectory 
Inversion Controller 
Cm 
Figure 4.1. Stable inversion control scheme 
The key point is to find the inverse input-state trajectory [ud(t), xd(t)]. If the linear system 
(4.2) has a well defined vector relative degree, r := [r1, r2 , ... , rp], the output's derivatives are 
given as 
(4.4) 
where Ck is the kth row of C, and 1 :::; k:::; p. Rewrite the equation ( 4.4) as 
(4.5) 
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where 
CAr1 
1 
C Ari-IB 
1 
C Ar2 C Ar2-IB 
A= 2 B = 2 X y 
C Arp 
p 
C Arp-IB 
p 
and By is invertible because of the well-defined relative degree assumption. Then, from 
equation ( 4.5), we can choose the control law as 
(4.6) 
Substituting this control law in equation (4.5), we get y<r) (t) = y~r\t). We use a change of 
coordinates T such that [;(t),J](t)]' = Tx(t) where ~(t) consists of the output and its time-
derivatives 
Now, we rewrite the system equation (4.2) in the new coordinates as 
(4.7) 
(4.8) 
where 
B=TB=[:J 
We also can rewrite the control law in the new coordinates as 
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Ud (t) = B;1 [y~r) (t) - A(;d (t) - ~1](t)] 
where [A~,~]= AxT-1 • 
(4.9) 
Note that the desired; is known when the desired output trajectory Yd and its time derivatives 
are specified. This desired tis defined as td- Since the control law is chosen such that exact 
tracking is maintained, y<r) (t) = yr\t), we also have t(t) = td (t), and equations (4.7) and 
(4.8) become 
t(t)=td(t) (4.10) 
fJ(t) = A3td (t) + A.41](t) + B2B;1[y~r) (t)-Aid (t)- ~1](t)] (4.11) 
Rewrite equation ( 4.11) as 
(4.12) 
This is the inverse system If we can find a bounded solution, 1]d, to the dynamics, ( 4.12), 
then the desired feed forward input can be found as 
Ud (t) = B;1[y~r) (t)- A(td (t)- ~17d (t)]; 
and the desired state trajectory will be 
So the desired measurement output is 
zd (t) = Cmxd (t) = cmr-{ ~:]. 
(4.13) 
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Thus, we should find the bounded solution of equation ( 4.12), and then we can use the 
output-tracking scheme. If the system dynamics is hyperbolic, there exists a transformation V 
such that the equation ( 4.12) can be decoupled into a stable subsystem ( Os) and an unstable 
subsystem ( O-u): 
~ ~ 
O"s (t) = AsO-s (t) + Bs Yd (t) (4.14) 
~ ~ 
O"u (t) = AuO"u (t) + Bu Yd (t) ( 4.15) 
where 
O"(t) = s = VrJ(t). r
(J" (t)] 
(Tu (t) 
Then we can find the bounded solution in the transformed coordinates as 
(4.16) 
(4.17) 
Now the desired control law can be rewritten as 
(4.18) 
This is the completed stable inversion technique. 
4.2 Stable Inversion Design 
In this subsection, we use the stable inversion technique to design a control law for our 
Boeing 747 airplane. We assume the desired trajectory is yd(t) = [hct, Uct]. Altitude (h) and 
forward speed (U) are the variables we must control to follow the desired trajectory. And z(t) 
37 
is used as the feedback signal. Then, we can use the stable inversion theory to design feed 
forward input ud and reference output Zd- The A, B, C, and Cm matrices are as follows: 
-10.0000 0 0 0 0 0 0 
0 -0.2500 0 0 0 0 0 
0.0100 1.0000 -0.0210 0.1220 0 -0.3220 0 
A= -0.0640 -0.0440 -0.2090 -0.5300 2.2100 0 0 ' 
-0.3780 0.5440 0.0170 -0.1640 -0.4120 0 0 
0 0 0 0 1.0000 0 0 
0 0 0 -1.0000 0 2.2100 0 
10 0 
0 0.25 
0 0 
C=[~ ~l 0 0 0 0 0 B= 0 0 ' 0 1 0 0 0 0 0 
0 0 
0 0 
0 0 0 0 0 0 1.0000 
0 0 0 -1.0000 0 2.2100 0 
0 0 1.0000 0 0 0 0 
C = m 0 0 -0.0210 0.1220 0 -0.3220 0 
0 0 0 0 0 1.0000 0 
0 0 0 0 1.0000 0 0 
Note that this system includes the elevator's actuator and engine dynamics. So the state 
x=[8e,8i,U,w,q,0,h]', input u=[8ec'8tc]', output y=[h,U]', and measurement output 
z = [h,h,U,U,0,q]. 
It is not difficult to show that the system have well defined relative degree, r = [r1 , r2 ] = [3,2]. 
According to the change of coordinates, ;' is defined as ;(t) = [h, h, h, U, U]. Then we can 
obtain the transformation T let 
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[ ?(t)] = Tx(t) 
1](t) 
0 0 0 0 0 0 1.0000 
0 0 0 -1.0000 0 2.2100 0 
0.0640 0.0440 0.2090 0.5300 0 0 0 
= 0 0 1.0000 0 0 0 0 
0.0100 1.0000 -0.0210 0.1220 0 -0.3220 0 
0 0 0 0 1.0000 0 0 
0 0 0 0 0 1.0000 0 
By using equation (4.13) the inverse input can be written as 
u t =[ 1.5733 -0.0692] l_[ 1.1713 
d ( ) - 0.6293 4.0277 \ U d J -0.0524 
11.8147] 
1. 7872 1](t) 
-[o -5.2831 -10.5975 2.1132 
0 - 0.8353 -1.6560 0.3168 
0.6410] 
- 0.2035 <;d (t)} 
From equation ( 4.12), we can obtain 
x(t) 
(4.19) 
. [-o.4120 6.7461] [o o o - 2.9346 -6.0327 1.2948 o.8094] 
1](t) = 1.0000 0 1](t) + 0 0 0 0 0 0 0 yd (t) 
(4.20) 
The problem is to find the bounded solution to equation (4.20). We can use a 
transformation V to decouple the system into a stable subsystem ( Os) and an unstable 
subsystem ( O'u): 
as (t) = [-2.8115]as (t) + [0 0 0 1.6805 3.4546 - 0.7415 - 0.4635]Yd (t) (4.21) 
au (t) = [2.3995]au (t) + [0 0 0 1.4639 3.0095 -0.6459 -0.4038]Yd (t) (4.22) 
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[
(js (t)] [- 0.9422 - 0.9230] where a(t) = = Vry(t) = rJ(t). 
(ju (t) 0.3351 -0.3847 
The stable subsystem is integrated forward in time and the unstable subsystem is 
integrated backward in time to guarantee boundedness using equation (4.16) and (4.17). We 
can get then the bounded solution, 1Jd- Finally, we can use equation ( 4.19) to obtain feed 
forward input ud and desired measurement output Zd, 
4.3 Integration of Hoo Control and Stable Inversion 
Figure 4.2 shows how to integrate the stable inversion and IL controller. This integrated 
approach can satisfy both robust and exact tracking requirements. Note that the calculation of 
Feedforward ud 
Desired Trajectory 
Inversion 
Cm 
+ 
IL Controller 
Aircraft 
Actuator 
Engine 
Figure 4.2. Block diagram of stable inversion and IL control 
y 
z 
+ 
stable inversion is off-line based on the desired landing trajectory. Usually, in the landing 
process, this trajectory is known. So when an aircraft arrives at the airport, the flight 
computer can calculate an ideal trajectory according to its position and speed. IL controller 
uses the errors between the desired and the actual measurement signals as the feedback 
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variables. The controller calculates the feedback control input on-line for an airplane, and 
adds the desired control input ud to drive the airplane motion. The remaining task is to design 
a desired trajectory for the airplane landing process. 
4.4 Desired Landing Trajectory Design 
In this subsection, we will discuss the design of the desired trajectory for airplane landing. 
We have two variables that are controlled to follow the desired trajectory. One is the forward 
speed U; another one is the altitude h. According to the landing requirements, the aircraft 
descends from cruising altitude to a lower altitude around 1500 feet. Meanwhile, the speed of 
the aircraft also reduces from the cruising speed to an approach speed and keeps it as a 
constant. So when we designed the desired trajectory, we designed the desired forward speed 
U firstly. Then we designed the desired altitude trajectory. The altitude trajectory design 
includes two parts: level flight to the glide slope design, and glide slope to flare design. 
4.4.1 Forward speed trajectory design 
The task of this design is to specify a desired transition from the initial speed to the desired 
forward speed. The principle idea is to keep the second-order derivative of U continuous. We 
can use the following formulae to design it: 
!
-kJ, 0 5= t 5= Tu 14 
U (t) = ku (t -Tu / 2), Tu I 4 5= t 5= 3Tu I 4 
-ku (t-TJ, 3Tu I 4 5= t 5= Tu 
(4.23) 
U(t) = (4.24) 
U(t) = 
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u 
Figure 4.3. Design of desired speed trajectory 
ku 3 U --t + c0' 
6 
S±_(t-T /2) 3 -k (T /4) 2 t+3ku(Tu /4)3, 
6 u u u 
_S±_(t-T )3 6 u ' 
(4.25) 
where Tu is the transition time, Uco is the initial speed, and ku is the slope of the second-order 
derivative of speed U in the transition process. According to the boundary conditions, we can 
obtain 
(4.26) 
For a given initial velocity Uco and a given desired transition time Tu, we can get the 
desired speed trajectory. In the following simulation, we used the following parameters, Uco 
= 10 ft/s, Tu= 10 seconds. On the other hand, the passenger riding comfort requirement may 
dictate a maximum jerk allowed. This translates to a maximum value of Ku. Then (3.17) can 
be used to meet this requirement. If Ku from (3.17) is too large, then a larger Tu should be 
selected. Figure 4.4 shows the design result. 
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Figure 4.4. Result of desired speed trajectory 
4.4.2 Altitude trajectory design 
We can design the desired altitude trajectory in a similar way as we did the forward speed 
trajectory. The third-order derivative of h will be kept continuous. The altitude trajectory 
design has two parts, level flight to glide slope, and the flare phase. 
First, we use the following formulae to design the transition of level flight to glide slope. 
Figure 4.5 shows the definition of parameters in this design process. 
h(t) = 
khg 2 --t 
2 ' 
khg 2 2 
-(t-Thg /2) -khg (Thg I 4) , 
2 
k 
_ ____!!;§_(t-T ) 2 2 hg ' 
(4.27) 
(4.28) 
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Figure 4.5. Design of desired altitude trajectory from level flight to glide slope 
h(t) = (4.29) 
h(t) = 
(4.30) 
where T1ig is the transition time, ho is the initial altitude, Kgp is the specified sink rate of 
altitude in the glide slope phase, and k1ig is the slope of the third-order derivative of altitude h 
in the transition process. According to the boundary conditions, we can obtain 
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(4.31) 
In this case, let T1ig = 12 seconds, ho = 1500 ft. If we set the glide path angle as 3 degrees, 
U0 = 221 ft/s, so we can know that K 8P = U0 sin y = -221sin 3° = -11.5662. Then, we can get 
the slope of khg• 
In the second step, we design the desired flare path phase using the following formulae. 
Figure 4.6 shows the definition of parameters in the design process. 
hfD 
0 
h 
Figure 4.6. Design of desired altitude trajectory of flare phase 
h(t) = 
kl 2 -t 2 ' 
k2 2 kl 2 --(t-T) +k Tt--T 2 1 11 2 1, 
!s_(t-T )2 
2 3 ' 
(4.32) 
(4.33) 
h(t) = 
h(t) = 
kl 4 h -t +Kg/+ JO' 
24 
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k k k k k __ 2 (t-T.)4+-1...T.t3 _ _1_T.2t2+(-1...T.3+K )t--1 T.4+h 
24 1 6 1 4 1 6 1 gp 24 1 f O ' 
5-(t -T3)4 + Ktd (t -I;)+ htd, 
24 
where T1, T2, T3 are the transition time points, hJO is the initial flare altitude, htd is the altitude 
of C.G. in the touchdown point, Kgp is the sink rate of altitude in the glide slope phase, Ktd is 
the sink rate of altitude in the touchdown point, and k1, k2 , k3 are the slopes of the third-order 
derivative of altitude h in the transfer process. According to the boundary conditions, we can 
obtain 
(4.36) 
(4.37) 
(4.39) 
In these equations, T3 can be defined by the initial flare altitude hJO, distance between the 
glide path intercept point and the touchdown point in the runway Dr, glide path angle y, and 
airplane speed Uo: 
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(4.40) 
So we have five unknown parameters in equation (4.36) to (4.29), T1, T2, k1, k2, k3. When we 
solve these equations, we can assume that T1 is known. Then, other unknown parameters can 
be fixed. The following parameters are used in the design process. U O = 221ft Is, y = -3°, 
Kgp = Vo sin y = -11.5662, Ktd = -0.5, h/0 = 92ft, htd = 12ft, Dr = 1375ft. We select 
T1 = 1 sec . Figure 4. 7 shows the design result. 
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Figure 4. 7. Result of desired altitude trajectory 
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5. SIMULATION RESULT AND DISCUSSION 
5.1 Numerical Simulation 
In this section, using the methods and parameters described in the previous chapters, we 
simulate the automatic landing system. Note that the Boeing 747 airplane model is based on 
an altitude at sea level and airspeed of 221 ft/s. The steady equilibrium attitude is 8 degrees. 
This aircraft model is described in chapter 2. The linear aircraft equation (2.16) is used in this 
simulation. Equation (2.18) and (2.19) are the elevator actuator and throttle dynamics. We 
use Figure 2.6 and equation (2.20) and (2.21) to represent the wind gust and wind shear. 
Then using the weights defined in Figure 3.3, we obtain the IL optimal controller. Finally, 
from the desired trajectories, we can get the stable inversion control law (4.19). These 
methods are integrated in Figure 4.2. The initial approach altitude is 1500 feet, glide-slope 
angle is 3 degrees, flare path phase begins at an altitude of 92 feet, the altitude of aircraft 
C.G. is 12 feet at touchdown, and the sink rate at touchdown point is -0.5 feet/sec. 
In this research, MATLAB 5.3 based on MS windows 98 is employed. We use the IL 
synthesis functions of MATLAB µ-Synthesis toolbox to design the IL controller. 
SIMULINK is used to simulate the whole landing process. 
According to the different conditions, we can group the results as four cases. The first 
case (Case I) is no initial exceeding airspeed, wind gust, measurement noise, and wind shear. 
The second case (Case II) is that simulation begins at a speed initial exceeding the normal 
airspeed by 10 ft/s, but no wind gust, measurement noise, and wind shear. In the third case, 
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we add the wind gust and measurement to the simulation (Case III). Finally, the fourth case 
has all of disturbances, including the wind shear (Case IV). 
In each case, the plots include altitude response, sink rate, forward speed, and their 
deviation from desired trajectory. We also plot the response of flight path angle, pitch rate, 
angle of attack, pitch angle, elevator deflection, engine deflection. Finally, there is a two 
dimensional plot of the automatic landing trajectory in space. In order to see the process of 
glide slope capture and flare path phase clearly, the altitude response of these two phases are 
zoomed in. 
5.1.1 Case I 
In this case, airspeed should keep a constant 221 ft/s, and the landing process begins at a 
1500 feet altitude. Figure 5.1-5.12 shows the simulation results based on the first case. Figure 
5.1 show that the desired path and the actual path are almost identical. Figure 5.3, and 5.4 are 
the altitude responses in the glide slope capture and flare path phase respectively. From 
Figure 5.5, we can see that the largest error between the desired path and the actual path is 
less than 0.06 ft; especially, it is 0.003 ft at touchdown point. The sink rate and forward 
speed also keep track of the desired trajectory exactly from Figure 5.2, 5.6, and 5.7. Sink rate 
is -0.5ft/s at touchdown point. In the glide slope phase, the flight path angle keeps -3 degrees 
(Figure 5.8). Meanwhile, from Figure 5.9, 5.10, and 5.11, pitch rate, angle of attack, pitch 
angle, elevator deflection, and engine deflection change smoothly and within the required 
range. Note especially that the angle of attack and pitch angle keep positive values. 
So in this case, our design easily meets the FAA Category III accuracy requirement in 
Table 1.1 and achieves the design goal. As expected, this case verifies that the stable 
inversion approach can achieve accurate tracking performance. 
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5.1.2 Case II 
The results of the second case are shown in Figure 5.13-5.24. In Case II, the airplane 
begins at a speed initially exceeding the normal airspeed by 10 ft/s. This speed should be 
reduced to the normal speed of 221 ft/s and then kept at this value. This landing process also 
begins at a 1500 feet altitude. The result is same as case one. From Figure 5 .13, we also can 
see that the desired path and the actual path are almost identical. Figure 5 .15, and 5 .16 are the 
altitude responses in the glide slope capture and flare path phase respectively. Figure 5.17 
shows that the largest error between the desired path and the actual path is less than 0.06ft, 
and it is 0.003 ft at touchdown point. The sink rate and forward speed also keep track of the 
desired trajectory exactly from Figure 5.14, 5.18, and 5.19. Sink rate is also -0.5ft/s at 
touchdown point. Figure 5.18 shows that the largest deviation of sink rate and forward speed 
are 0.01 and 0.02 respectively. In the glide slope phase, flight path angle keeps -3 degrees as 
shown in Figure 5.20. Pitch rate, angle of attack, pitch angle, elevator deflection, and engine 
deflection are given in Figure 5.21, 5.22, and 5.23. All of these variables change smoothly 
and within the required range. Angle of attack and pitch angle keep positive values. 
In this case, our design is also successful. It also meets the FAA Category III accuracy 
requirement in Table 1.1. So, using the stable inversion approach, we can achieve the 
accurate tracking performance in both altitude and airspeed response. 
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Figure 5.18. Sink rate and forward speed deviation (Case II) 
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Figure 5.19. Forward speed of airplane in landing (Case II) 
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Figure 5.20. Flight path angle of airplane in landing (Case II) 
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Figure 5.21. Pitch rate of airplane in landing (Case II) 
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Figure 5.22. Pitch angle & angle of attack in landing (Case II) 
160 
a> 
"'C 
2 
<l'.: 
61 
5,---------,---------,c-------.-----,-------.-----.-----,--~ 
-5"-----'----'-------'------'------'-----1-----1--___l 
0 20 40 60 80 
time(s) 
100 120 140 160 
1 ,-------,-------,,------,-----,-----,-------.-------.-------. 
.. . · ... ......... . .. . . : ........ . ... .... . : .... . 
··········•·· ••;• •· ··············:· ················-; ················l ···············;···· ··············· 
-2'--------"'------''------'-----'-------'--------'--------'-------' 
0 
1600 
1400 
1200 
1000 
800 
600 
400 
200 
20 40 60 80 
time(s) 
100 120 140 160 
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5.1.3 Case III 
Actually, there exist the measurement noise of sensors and wind gust when an airplane 
lands in the airport. We use the third case to simulate this condition. Case III is based on the 
Case II with added measurement noise and wind gust. In SIMULINK, we use the Band-
Limited White Noise block through the corresponding gain to simulate the measurement 
noise. We use their root-mean-square as the gains. Figure 5.25-5.36 show the simulation 
results for the third case. In the Figure 5.25, 5.27, and 5.28, we can see that the airplane 
tracks the desired trajectory very well. Figure 5 .29 shows that the largest error between the 
desired path and the actual path is less than 0.5ft, and error is only 0.3 ft at touchdown point. 
In Figure 5.30, the largest errors of sink rate and forward speed are 0.5 ft/s and 0.03 ft/s 
respectively. The error of sink rate is 0.1 ft/s at touchdown point. In the glide slope phase, 
Figure 5.32 shows the flight path angle around -3 degrees and its error about 0.1 degrees. 
Figure 5.33, 5.34, and 5.35 show that pitch rate, angle of attack, pitch angle, elevator 
deflection, and engine deflection are within the required range. Angle of attack and pitch 
angle also keep positive values. 
Case III clearly meets the FAA Category III accuracy requirement in Table 1.1. The reason 
that our design meets the requirement and achieves the design goal is that we adopt the IL 
robust control technique. IL controller can handle the plant with the measurement noise of 
sensors and wind gust. 
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Figure 5.25. Altitude of airplane in landing (Case III) 
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Figure 5.26. Sink rate of airplane in landing (Case 111) 
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Figure 5.29. Altitude deviation in landing (Case III) 
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Figure 5.30. Sink rate and forward speed deviation (Case III) 
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Figure 5.32. Flight path angle of airplane in landing (Case III) 
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Figure 5.33. Pitch rate of airplane in landing (Case III) 
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Figure 5.34. Pitch angle & angle of attack in landing (Case III) 
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5.1.4 Case IV 
Figure 5.37-5.48 show the simulation results based on the Case IV. As we know, low-
altitude wind shear has been recognized as a serious threat to the safety of aircraft in landing. 
The problem of guiding an aircraft encountering wind shear has received considerable 
attention. In this case, we assume that the airplane meets a wind shear with low intensity in 
the glide slope phase. Figure 5.37, 5.39, and 5.40 show that the airplane also tracks the 
desired trajectory well, even under the wind shear condition. Figure 5.41 shows that the 
largest error between the desired path and the actual path is less than 5 ft when airplane is 
within the wind shear, and it is 0.3 ft at touchdown point. Figure 5.42 shows that the largest 
errors of sink rate and forward speed are 0.9 ft/s and 1.8 ft/s respectively. The error of sink 
rate is 0.1 ft/s at touchdown point. As in Case III, in the glide slope phase, the flight path 
angle is also around -3 degrees, and its error is about 0.25 degrees (Figure 5.44). Figure 5.45, 
5.46, and 5.47 show that all of pitch rate, angle of attack, pitch angle, elevator deflection, and 
engine deflection are acceptable. Angle of attack and pitch angle are also positive. 
This case shows that the design could reject a wind shear with such intensity. It also meets 
the FAA Category III accuracy requirement in Table 1. 1. Usually, this kind of rejection role 
is limited because most wind shear has more energy. If wind shear is strong, a pilot's strategy 
is often to avoid having the aircraft enter into wind shear. 
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160 
g 
.c 
71 
Level flight to glide slope 
16 18 20 22 24 
time(s) 
Figure 5.39. Altitude for the glide slope capture (Case IV) 
Flare path 
26 
100 . . . . . . . . . . . . . . • . . • . . . . . . . . • . . ..• . -~ •. . •. .. .. . . . .. .. . . : .. ... .. . .• . . •..•. -~- . . . .. . .. . . .• .. •. . i . ..... . •. . •. . - Desired --- Actual 
80 : .. .. . .. .. . . . . . ... . :·• ················:·-······ . . , ... .. .. .... ······:···············: ······· 
60 .... ......... ..... .. . ····-:··················:·.················:· ······· 
0'-----'-------'--------'--------'--------'----_.___--_,__~ 
142 144 146 148 150 
time(s) 
152 154 
Figure 5.40. Altitude for the flare path phase (Case IV) 
156 
72 
5 ,------,--------r------i-----,--------r------,-----,------, 
4 
3 
-3 
·· ·············1················1···· ·· ···········:··········· 
-4~-~--~-~--~--~-~--~-~ 
0 20 40 60 80 
time(s) 
100 120 
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Figure 5.43. Forward speed of airplane in landing (Case IV) 
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Figure 5.44. Flight path angle of airplane in landing (Case IV) 
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Figure 5.45. Pitch rate of airplane in landing (Case IV) 
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Figure 5.46. Pitch angle & angle of attack in landing (Case IV) 
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Figure 5.47. Elevator and engine deflection in landing (Case IV) 
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Figure 5.48. Space trajectory in landing (Case IV) 
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5.2 Discussion 
The purpose of the automatic landing system (ALS) is to enable autopilot to drive the 
airplane and track the desired landing trajectory to arrive at the runway automatically and 
safely. Landing performance must meet the FAA requirements for airplane landing in Table 
1.1. For precision Category III approach landing, the required vertical error is 0.5 m at zero 
altitude. Through the simulations, all of the four cases meet the accuracy specifications for 
FAA Category III approach landing. At touchdown point, the largest deviation of altitude in 
all four cases is within 0.3 feet (0.09 m). 
Automatic landing is actually a robust and tracking control problem. The method 
combining the IL robust control with stable inversion can handle both robustness and exact 
tracking problems. In above simulations, Case I and Case II verify the accurate tracking 
performance, and Case III and Case IV show the robustness of the controller. Compared with 
other people's research [2,5,8] in automatic landing, the method used in this thesis is better. 
As expected, the integrated system can achieve accurate tracking performance, even when 
measurement noise, wind gust, and wind shear with low intensity exist. Note that the root-
mean-square of measurement noise are similar to the measurement errors of carrier-phase 
differential OPS (CDGPS) [8]. 
In these four cases, pitch rate is very small around zero. Especially, Case I and II show 
that pitch rate remains at zero in glide slope phase. Also, the flight path angle keeps a steady-
state descending angle of -3 degrees in this phase, and its error is within 0.25 degrees. The 
maximum angle of attack is 8.8 degrees. This value is safe for aircraft in low speed; it cannot 
cause the aircraft to stall. The pitch angle of the aircraft also keeps a positive value, and its 
change is small. We are interested in the elevator deflection and engine deflection, and they 
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are within acceptable range. That means that this system is controllable. This point holds 
very important meaning in engineering practice. 
On the other hand, the robustness and accurate tracking performance is relative. It means 
that perturbation should be restricted within a special range. If the perturbation is strong, it 
will cause this method to lose efficacy. 
In this research, we should note that we use a different desired trajectory than a 
conventional exponential flare path. Usually, the exponential flare path is easy to realize, but 
large transient error also exists when aircraft transfer from glide slope phase to flare path 
phase [2]. A stable inversion technique can solve this problem easily. From the simulation, 
we can see the transformation is very smooth. 
According to the characteristics of stable inversion technique, the technique is very 
suitable for the OPS landing system. OPS can provide three-dimensional velocity and 
position signals directly. It is not like ILS or MLS which only provide the angular signals for 
aircraft. So using OPS three-dimensional velocity and position signals, we can easily design 
the desired trajectories that we want - even the curve landing trajectories. 
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6. CONCLUSIONS AND FUTURE RESEARCH 
A new method combining IL robust control and stable inversion has been formulated for 
the design of automatic landing systems. This method can handle both robustness and exact 
tracking problem, and thus is very well suited for the design of automatic landing system. 
The method was successfully tested with a Boeing 747 commercial airplane model together 
with control actuator, wind gust, and wind shear models. 
Simulation results demonstrate that by using stable inversion and IL control, the aircraft 
could track the desired trajectory very accurately. The control law has the ability to reject the 
measurement noise from sensors, wind gust, and wind shear with low intensity. The 
automatic landing system can meet FAA requirements for Category III approach landing. 
Clearly, this system also satisfies the RNP tunnel, stability, and robustness requirement. 
Furthermore, the reference airspeeds and landing angles for the landing system are within the 
FAA standards. Compared with existing approaches in automatic landing system, our method 
achieved much higher tracking precision. Our method is also suited for the automatic landing 
system using Global Positioning System. It is very flexible to design desired landing 
trajectories using GPS three-dimensional velocity and position signals. 
In this research, we only used a linearized model to verify the proposed method. Future 
work is needed for simulation study with a nonlinear airplane model to determine the 
applicability of our method, which is based on the linear plant, to the -nonlinear plant. To 
further improve our method, design of IL controller can be based on the linear plant, while 
the stable inversion design can be done using the nonlinear plant. Furthermore, intelligent 
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control and learning control could be incorporated to augment the system's decision and 
tolerating ability. 
80 
APPENDIX IL CONTROLLER 
The IL controller that was designed in Chapter 3 can be described as follows: 
xk = Akxk + Bkuk 
(A.1) 
Yk = Ckxk + Dkuk 
where 
Ak= 
-0.0026 0.0012 -0.0315 0.0226 -0.0030 -0.0121 -0.0061 0.0005 -0.0012 0.0096 - 0.0082 0.0014 -0.0004 -0.0029 - 0.0038 
0.0003 -0.0024 0.4994 -0.4135 0.0096 - 0.0444 0.0276 -0.0178 0.0039 -0.0276 0.0203 -0.0120 0.0014 0.0098 0.0149 
-0.0263 -0.4469 -1.4527 -3.6216 -0.2503 -0.3655 -0.5776 0.2120 -0.1034 0.8160 -0.6425 0.2263 -0.0371 -0.2626 -0.3719 
0.0234 0.3582 6.2198 -1.2710 0.1664 -0.8129 0.6090 -0.4124 0.0909 -0.6804 0.4889 -0.3056 0.0347 0.2387 0.3673 
0.0012 -0.0115 0.1009 -0.0748 -0.0294 -0.3835 -0.0933 -0.0268 -0.0203 0.1718 -0.1534 0.0108 -0.0068 -0.0498 -0.0609 
0.0197 0.0189 2.3920 -2.0140 0.0418 -9.7909 - 0.6525 -4.5224 -0.1283 0.3814 -1.2539 -1.8973 0.0419 0.1936 0.7849 
-0.0060 - 0.0116 -0.4890 0.4085 - 0.0006 3.6641 - 0.7350 0.5018 -0.2112 1.7022 -1.1359 0.7057 -0.0779 -0.5301 -0.8209 
0.0073 0.0053 0.4808 -0.3913 0.0173 1.0318 0.6529 -0.8336 0.1307 -1.1123 0.3701 -0.9003 0.0519 0.3176 0.6350 
- 0.0001 -0.0028 0.0014 -0.0112 - 0.0030 0.3272 0.0188 -0.0386 -0.0265 0.3751 -0.3134 0.1145 -0.0188 -0.1341 -0.1906 
-0.0045 0.0096 -0.5334 0.5524 0.0019 0.6250 -0.7215 1.2967 0.0572 -2.8398 4.0589 -1.3979 0.2544 1.8273 2.5289 
0.0050 -0.0023 0.3335 -0.3087 0.0304 0.8603 0.6033 -1 .3039 -0.0652 1.6895 - 5.6174 1.9180 -0.4956 -4.1116 -5.4260 
0.0008 -0.0026 -0.0241 0.0321 -0.0448 -0.1773 -0.2422 -0.0101 0.0292 0.2482 0.7543 -4.1264 0.2596 4.0046 7.1110 
0.0000 0.0004 0.0042 -0.0040 0.0057 0.0785 0.0237 -0.0260 -0.0034 0.0205 -0.2671 0.5524 -0.0657 -0.9453 -1.3688 
0.0006 -0.0093 -0.0097 -0.0006 -0.0475 0.0867 - 0.0892 0.1216 -0.0769 0.2077 -0.0585 0.4210 0.1825 -23.4061 -44.8367 
0.0019 -0.0126 0.0105 -0.0096 -0.0708 -0.0412 0.0406 -0.0394 -0.0642 -0.0864 -0.6292 0.2483 0.1973 -34.6029 -77.1770 , 
0.3277 -0.8301 -0.2880 0.0012 -0.0169 -0.0016 
-0.2426 -0.0534 0.0870 0.0609 0.0651 0.0128 
0.1115 -5.8214 -0.1020 -2.6226 -0.6426 0.5899 
-0.1573 5.0743 -0.0003 2.9424 1.0351 -0.3785 
-0.4270 -0.0520 0.2979 0.1562 -0.0814 -0.0183 
0.0112 4.1009 -0.1215 4.1832 -3.2427 -1.0249 
0.0006 -1.3975 0.4206 -0.0157 0.4695 0.1594 
Bk= 0.0124 1.3762 0.3198 -0.3872 0.1655 -0.0314 
-0.0904 -0.0625 0.0011 0.0609 0.1908 0.0179 
0.0344 -0.7345 -0.4098 -0.7569 -1 .3677 -0.0161 
-0.1653 0.9159 0.0401 -0.4953 1.0263 0.1192 
0.0800 -0.0784 0.7858 0.0624 -0.2087 -0.0487 
0.0038 0.0221 -0.0593 -0.0333 0.0425 0.0067 
-0.5616 -0.0918 -0.0220 0.0938 0.0846 -0.0558 
-0.8629 0.0348 0.0132 -0.0406 -0.0483 0.0249 
81 
Ck= 
[
-0.9310 0.2347 -6.3048 4.8907 -0.5227 -1.3522 -1.2408 0.2719 -0.2238 1.7670 -1.4720 0.3546 -0.0775 -0.5570 -0.7520], 
-0.1134 -0.1493 1.3415 -3.4245 -0.1786 -6.6384 0.9145 -1.4494 0.0492 -0.1730 -0.1177 -0.7443 0.0312 0.1819 0.4303 
and 
0 
0 
0 0 
0 0 
0 
0 
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